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Abstract

This work investigates the crystallization kinetics and thermal stability of a new melt processable semicrystalline polyimide �Tg �
2108C; Tm � 3958C� based on 1,3-bis(4-aminophenoxy) benzene and 3,3 0,4,4 0-biphenyltetracarboxylic dianhydride, and endcapped with

phthalic anhydride. Earlier studies have demonstrated that this polymer is a strong candidate as a structural adhesive for high-temperature and

high-performance applications. In this study, an Avrami Analysis was utilized to study the bulk crystallization kinetics as a function of

crystallization temperature, melt time and melt temperature. For the crystallization temperatures studied, the Avrami parameter K increased

substantially for small increases in undercooling or small decreases in melt temperature and residence time. Spherulitic growth rates were

measured microscopically at different crystallization temperatures. The effect of varying the melt time and temperature on the growth rate at

a particular temperature was determined. The variation in the Avrami parameters is correlated with independent microscopic observations of

the nucleation density and the spherulitic growth rates.

Melt viscosity was followed as a function of melt temperature, residence time in the melt and deformation rate. Higher melt temperatures

result in a faster increase in the isothermal melt viscosity indicating chemical changes in the polymer at such high melt temperatures.

Followed rheologically, onset of crystallization requires greater undercooling when cooling from higher melt temperatures. Non-isothermal

crystallization was followed using DSC and optical microscopy, both of which gave evidence of a distinct `catastrophic nucleation' process

at temperatures in the vicinity of 3308C during cooling from the melt. q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aromatic polyimides are an important subset of high-

performance and high-temperature polymers which, due

to their outstanding properties, are ®nding increasing use

in applications such as high-temperature adhesives, com-

posites, electronics packaging, ®bers, foams and as

membranes for gas separation [1,2]. Semicrystallinity in

these polyimides further improves certain mechanical prop-

erties [3], thermal stability [4,5], radiation [6] and chemical

resistance [7]. However, of the relatively few semicrystal-

line polyimides available, most rapidly lose their crystal-

lization ability once taken to the required melt

temperature, which is often in excess of 3808C. Melt relative

to solution processing of these high-performance polymers

is thought desirable both from an environmental standpoint

(to avoid toxic solvents) and also for ease of processing.

Recently, a new polyimide was developed in our laboratory

that has displayed excellent characteristics from this stand-

point. This polyimide �Tg � ca: 2108C; To
m � 3958C� is

based on 1,3-bis(4-aminophenoxy) benzene (TPER diamine

or 1,3(4)APB) and 3,3 0,4,4 0-biphenyltetracarboxylic dian-

hydride (BPDA) [4,5,8] (Scheme 1). It was also very impor-

tant to fully endcap the chains with phthalic anhydride (PA)

to maximize thermal stability [5]. Earlier DSC melting

studies in our laboratories have demonstrated the excellent

thermal stability of this polyimide by showing that very

little change in the melting behavior occurred, even after

20 min at 4308C [4,5]. Previous study has also shown

the outstanding adhesion properties of this polyimide

to titanium alloy, e.g. average lap-shear strengths of
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6600±8400 psi (46±59 MPa) at ambient temperatures,

which compared favorably with the highest such strengths

reported for any adhesive in literature. The adhesive bonds

were also stable to a variety of solvents, high-temperature

aging and elevated test temperatures of 177 and 2328C [4].

However, for such high-temperature thermoplastic poly-

mers processed from the melt, melt time and temperature

become important variables from processing and thermal

stability viewpoints. Side reactions like crosslinking,

branching or chain scission, that may occur at these high

melt temperatures usually lead to build up in the molecular

weight, and will not only change the rheolgical behavior but

may also result in reduced crystallinity and slower crystal-

lization kinetics. On the positive side, the rise in the mole-

cular weight usually leads to improvement of certain

mechanical properties, like higher elongation to break and

increased toughness. Thus if the rise in molecular weight

can be limited to an extent, such that the crystallization

kinetics and the amount of crystallinity are not greatly

affected, then a synergistic effect can be produced. In

order to obtain this synergism however, it is important to

evaluate the rheological behavior at these melt temperatures

and the crystallization response when the polyimide is

cooled from these harsh melt conditions. The effect of

various melt conditions on the subsequent crystallization

response also serves as a direct tool in evaluating the ther-

mal stability of the system.

This paper examines some of these later-mentioned

issues, such as the effect of melt holding conditions on

isothermal crystallization kinetics and on the related

morphology, in detail. An Avrami analysis of the DSC

and corresponding polarized optical microscopy (POM)

data were utilized to understand the effect of (1) crystal-

lization temperature, (2) melt time and (3) melt temperature

on the crystallization kinetics and the resulting morphology

of the system.

Melt viscosity studies were conducted at various

temperatures to detect the presence of any chemical changes

and to ascertain the effect on subsequent crystallization.

Non-isothermal studies were also performed using the

DSC and hot stage POM to understand the effect of previous

melt holding conditions on the subsequent crystallization

behavior and semicrystalline morphology of the polyimide.

2. Experimental

The details specifying the synthesis of this polymer has

been described elsewhere [3,4]. This study, however, will

only utilize Mn � 15; 000 Da �Mw � 30; 000 Da� molecular

weight version of this polymer which facilitates a low melt

viscosity, and yet is high enough to demonstrate good physi-

cal behavior. POM was performed on a Zeiss optical micro-

scope equipped with a Linkam 600 hot stage, a 35 mm

camera and a video camera. The hot stage was calibrated

using melting point standards and all experiments were

conducted under a nitrogen purge. The spherulitic growth-

rate measurements were performed on thin ®lms (ca.

50 mm) sandwiched between two microscope cover slips.

The samples were rapidly heated (ca. 908C/min) to various

melt temperatures and quenched to the desired crystalliza-

tion temperature (within 15 s) using a separate nitrogen

source. The growth of spherulites was measured as function

of time using a Boeckeler video measurement system.

Measurements were performed on four to six spherulites

in a given sample and the average is reported. DSC experi-

ments for both isothermal and non-isothermal crystalliza-

tion were performed on a Perkin±Elmer DSC-7. The

amount of polymer utilized in a given thermal scan was

kept between 6±8 mg. The DSC was calibrated with indium

and zinc standards. All experiments were conducted under a

nitrogen purge and a DSC baseline was determined by

running empty pans. For isothermal crystallization experi-

ments, the samples were kept at room temperature and
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purged with nitrogen for 5 min to remove air from the DSC

cell. The samples were then rapidly heated to the desired

melt temperatures and kept at that temperature for the

desired amount of time. Cooling from these melt tempera-

tures to speci®c crystallization temperatures was conducted

at 2008C/min. In this regard, data collection at high super-

coolings was hampered by the initial instability of the DSC

signal. This initial instability occurs on cooling to the crys-

tallization temperature at fast cooling rates and may persist

for ca. 1 min on our Perkin±Elmer DSC 7. At higher super-

cooling, the induction times are short and crystallization is

so fast that it is nearly over before the DSC signal has

equilibrated. To obtain the initial portion of the exotherm

at these temperatures, the straight-line region extending

from the beginning of the exotherm was extrapolated to

the horizontal baseline drawn from the end of the exotherm.

The intersection of these two lines was taken as the start of

the crystallization exotherm. Such a procedure was

attempted for higher degrees of supercooling only when a

suf®cient straight-line portion of the initial exotherm was

available. Rheological measurements were performed using

a Rheometrics RMS-800 rheometer equipped with a 25 mm

parallel plate tooling. The experiments were conducted in a

nitrogen environment using 5% strain and 1.6 mm gap

between the plates. The polymer ®lm (1.5 g) was compacted

at 3008C under a pressure of more than 20 MPa to yield

circular discs. These discs were inserted between the circu-

lar plates of the rheometer, which were already preheated to

the designated temperature. Although the temperature

usually decreased 20±308C while inserting the samples,

the predetermined temperature was again quickly attained

by fast heating. The data was collected from the time the

material reached the desired temperature; these time-sweep

experiments were conducted at temperatures of 410, 420,

430, 440 and 4508C for a period of 20 min at a frequency of

1 rad/s. To observe the rheology of supercooled melts, all

the samples used for time-sweep experiments were cooled at

a rate of 108C/min while the percent strain and frequency

were unchanged. These tests were stopped after crystalliza-

tion of the sample was observed and the torque had

exceeded 500 g cm. Tests were also conducted to examine

the change in complex viscosity when the angular frequency

was varied from 0.1 to 100 rad/s while keeping the strain

amplitude constant at 5% and the temperature at 4308C.

Viscosity at the highest frequency was measured ®rst

while the lowest frequency was determined last. It took

ca. 8 min for one such isothermal `frequency sweep' while

four such consecutive sweeps were carried out on the same

sample.

3. Results and discussion

Although the various experimental [9] and theoretical

complications [10±13] associated with the traditional

isothermal Avrami analysis are well recognized, it continues

to be the most widely used means of describing the overall

bulk isothermal crystallization of polymers. Also, its use

together with direct morphological information using

microscopy yields important information about the crystal-

lization mechanism and kinetics of a given polymer. In this

regard, the Avrami equation is generally written as:

Xc�t� � 1 2 exp�2Ktn� �1�
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Isothermal DSC is the primary means of performing such an

analysis, where Xc�t�; the normalized crystalline content at

time t is written as:

Xc�t� � DH�t�=DH�1� �2�
where DH(t) is the fractional heat of fusion after crystal-

lization time t and DH(1) the total heat of crystallization

observed at that isothermal crystallization temperature. K

and n are Avrami constants and are indicative of the crystal-

lization mechanisms involved. The exponent n in the

Avrami equation can provide information on nucleation

type and crystal growth geometry. K is dependent upon

the dimensionality of the growing crystalline entities (e.g.

whether they are spheres, discs or rods), as well as the type

and amount of nucleation (sporadic or predetermined) and

the linear growth rate G of the growing crystalline moieties.

For example, in case of three-dimensional predetermined

spherulitic crystallization K can be expressed as:

K � �4P=3�NoG 3 �3�
Here No is the nucleation density whereas the exponent of 3

on the growth-rate term indicates the Avrami exponent for

such a process. The parameters in Eq. (1) are usually deter-

mined by taking the double logarithm of Eq. (1) and expres-

sing it in the form:

log�2ln�1 2 Xc�t��� � log K 1 n log t �4�
Fig. 1 shows the crystallization exotherms for TPER±

BPDA±PA �Mn � 15; 000 Da� after quenching from the

melt to various crystallization temperatures. As is clearly
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Fig. 2. (a) Normalized crystalline content as a function of log�t� at various crystallization temperatures. (b) Avrami plot of log�2ln�1 2 Xc�t��� versus log�t� at

various crystallization temperatures.



evident, the overall bulk crystallization is very temperature

sensitive in the narrow 208C range of 340±3608C. Although

the rate of crystallization at 3608C is slow as evidenced by a

broad crystallization exotherm, an increase in the degree of

supercooling by 208C leads to a large increase in the rate of

crystallization. This change in rate of bulk crystallization is

re¯ected in the crystallization half-time (t1/2), the time to

complete 50% of the total crystallization, which decreases

from ca. 20 min at 3608C to 1.38 min at 3408C. At crystal-

lization temperatures higher than 3608C, the crystallization

is very slow and the exothermic signal approaches the sensi-

tivity of DSC making collection of reliable data dif®cult.

Collection of isothermal data below 3408C was not possible

as the crystallization half time at those temperatures is less

than the time it takes for the DSC signal to become stable

(ca. 1 min). Crystallization of this polyimide �Mn �
11; 500 Da� has also been studied by Hsiao et al. [14] who

determined a t1/2 time of 12 s at 3508C after cooling at

3208C/min from a less stringent initial melt condition of

4208C for 10 min. Although the effects of initial melt history

on t1/2 are discussed later in this paper, it is important to

point out that these conclusions by Hsiao et al. are believed

to be in question. While it is not clear how they measured

such a short t1/2 (the initial instability in the DSC signal itself

always lasts for much more than 12 s), it is also surprising

that they indicate three t1/2 data points below the glass tran-

sition temperature (Tg of 2208C as indicated in their paper).

Fig. 2(a) shows the normalized crystalline content as a

function of log (time) for the crystallization temperatures

examined in this study. It is observed that the crystallization

kinetics shifts to longer times with every 58C increase in the

crystallization temperature, this shift to longer times being

most noticeable between 355 and 3608C. Fig. 2(b) shows the

corresponding Avrami plots for the various crystallization

temperatures. The curves show an initial linear section but a

change in the slope is observed at longer times. The straight-

line ®t through the initial section of the curves, however,

yields the two important Avrami parameters, K and n. The

variation of bulk transformation rate K and the correspond-

ing changes in crystallization half-time t1/2 (which is a

measure of the rate of crystallization), with crystallization

temperature are shown in Fig. 3. A strong correlation

between the value of parameter K and t1/2 is observed with

t1/2 decreasing with increasing values of K.

Fig. 4 shows the optical micrographs taken at various

crystallization temperatures, the initial melt conditions

being identical to the DSC experiments described above.

While the nucleation density is low at 3558C, it increases

sharply with small increases in the degree of supercooling.

Thus it is evident that the ®nal spherulitic size decreases

greatly with relatively small changes in the crystallization

temperature. In fact, no optically resolvable spherulites

were observed at and below 3308C due to a catastrophic

increase in the nucleation density. This phenomenon will

be addressed later in the paper. A small but noticeable

change in the Avrami exponent is also observed with vary-

ing crystallization temperature. The Avrami exponent is 2.7

at 3608C whereas it decreases to 2.0 at 345 and 3408C.

However, for spherulitic crystallization and a somewhat

mixed mode of nucleation observed, the value of the

Avrami exponent is expected to be slightly above 3. This

may be because the Avrami exponent is calculated using the
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Fig. 3. Variation of logarithm of transformation rate K and crystallization half time t1/2, as a function of crystallization time after melt holding conditions of

4308C for 20 min.



earlier stages of crystallization where the presence of

intermediate sheaf-like structures is more likely. These

structures ®nally lead to a three-dimensional spherulite.

However, these initial structures are not truly three-dimen-

sional and thus would contribute to a decreased Avrami

exponent [15,17]. Such an effect becomes even more impor-

tant as the crystallization temperature is lowered and the

nucleation density increases. This increase in nucleation

density would result in a large number of only partially

developed spherulites colliding with each other at an early

stage thus giving rise to sheaf-like structures and/or trun-

cated spherulites. This type of geometry would again lower

the Avrami exponent.

3.1. Bulk crystallization rate, K

In order to compare the bulk crystallization rate of this

polyimide with other high performance polymers, the value

of the constant K can be compared. Before any such exer-

cise, however, it is important to recognize that the units of K

depend on the value of the Avrami exponent n, and thus, it is

more useful to compare the values of K1=n
: Secondly, the

supercooling at which these comparisons are made need to

be similar. Also, the initial melt conditions can substantially

affect the crystallization rate at a given undercooling. The

initial melt temperature, if below the equilibrium melting

point, can often result in self-seeding nucleation and thus

lead to a higher value of the transformation rate K. Thus in

order to assess the differences in crystallization kinetics and

make valid comparisons, it is essential that the initial melt

temperatures for the two polymers are above their respective

equilibrium melting points. Some, other factors like mole-

cular weight and its distribution are also important although

these cannot be always held constant when comparing

results from different studies. In this regard, the results

from the various investigations [16±20] and this work are

presented in Table 1. The fast crystallization rate of this

polyimide is illustrated in that even for harsh melt condi-

tions of 4308C and 20 min, and for a lower undercooling of

708C, the value of K1=n (though lower than PPS) exceeds

that of PEEK, an aliphatic ¯exible polyimide, and New-TPI.

Less harsh conditions in terms of a lower Tm or tm result in

still faster crystallization rate at the same undercooling, this

feature being discussed later in this paper.

The bulk crystallization rate K depends upon the nuclea-

tion mode, nucleation density (No) and the growth rate of the

individual crystalline moieties (G) [21]. To better control

the crystallization kinetics, the individual effect of these

factors on kinetics and how they vary with temperature

needs to be understood. For this purpose, the spherulitic

growth rates (G) at the various crystallization temperatures

(Fig. 5) were measured (the melt conditions were kept simi-

lar at 4308C, 20 min). It was found that at a particular crys-

tallization temperature, G was constant with time and that it

increased with increasing supercooling. The higher value of

G contributes to a faster crystallization response at larger

supercooling and this is re¯ected in the higher values of K

obtained at 3458C. The increase in No with increasing super-

cooling also contributes to a faster crystallization rate as is

clearly revealed by optical microscopy. While the nuclea-

tion mode is primarily athermal at 3608C, new spherulites

also appear with time at lower crystallization temperatures,

indicating some degree of thermal nucleation. This mixed

mode of nucleation does not allow for a convenient calcula-

tion of a numerical value of the No using a simple expression

like Eq. (2) from the classical Avrami theory. It is mean-

ingful to recognize that although the optical micrographs

shown here suggest increasing No to be more important,

small changes in G alone may signi®cantly affect the bulk

transformation rate. Both these values, No and G, along with
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Fig. 4. Polarized optical micrographs at the indicated crystallization

temperatures after being at a melt temperature of 4308C for 20 min.



nucleation mode and the Avrami exponent n(the growth rate

is raised to power n), determine K. The relative effect of

growth rate can, however, be evaluated by comparing G and

K1=n
: If effects due to nucleation density were absent, than

the transformation rate K1=n would scale proportionally with

changes in growth rate G. To obtain such an estimate, the

relative changes in values of K1/n and G are compared at two

typical crystallization temperatures of 340 and 3458C (the

value of the Avrami exponent n is ca. 2 in both cases). While

it is found that the value of K1=n is ca. 82% more at 3408C
than at 3458C, the growth rate of the spherulites G is only

increased by 14% at 3408C. This clearly suggests a stronger

contribution of nucleation density (versus G) in increasing

the bulk transformation rate. This more quantitative deduc-

tion is also in accordance with the qualitative trend observed

in the optical micrographs (Fig. 4).

It is often observed that the overall crystallization consists

of two separate parts: the initial stages being indicative of a

primary crystallization process while, at later times, a

change to a lower slope is often ascribed to secondary crys-

tallization. Relative to primary crystallization kinetics,

secondary crystallization further tends to lower the Avrami

exponent by at least an order of magnitude or more. For

crystallization of TPER±BPDA±PA, these changes in

slope are more prominent for higher crystallization tempera-

tures. Also, this change in slope occurs after ca. 60±70% of
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Table 1

Bulk crystallization rates for some polymers

Polymer Previous melt temperature (8C) Undercooling, DTc (8C) K1=n (min21) Source

PEEK �To
m � 3958C� 370 80 0.17 Lee and Porter [16]

410 80 0.06

400 80 0.05 Cebe and Hong [17]

400 87 0.22

Aliphatic ¯exible polyimide 96 0.01 Heberer et al. [18]

New-TPI �To
m � 4068C� 410 121 0.04 Hsiao et al. [19]

PPS �To
m � 3128C� 320 70 0.71 Lopez and Wilkes [20]

TPER±BPDA �To
m � 4108C� 430 (20 min) 70 0.46 This study

430 (20 min) 55 0.12

430 (10 min) 55 0.24

430 (2 min) 55 0.61

410 (20 min) 55 0.37

Fig. 5. Radial growth rates of spherulites at various crystallization temperatures after a melt temperature of 4308C for 20 min. �Mn � 15; 000 Da; Mw �
30; 000 Da�:



the total crystallization. The deviations from Avrami beha-

vior at these conversions is also the reason for not using the

crystallization half-time method [22] to calculate the two

Avrami constants. Also in this case, the deviations in the

slope always occur after the peak of the crystallization

exotherm. It is often assumed that at times close to the

peak, the likelihood of spherulitic collision in the bulk of

the sample increases. Thus it is very likely that changes in

slope are concurrently occurring with a large number of

spherulitic collisions in the bulk sample, which will result

in truncated spherulites. The effect of secondary crystalliza-

tion will also be more visible after this time (as much of the

primary crystallization has already taken place). Both these

factors will contribute to a reduced slope. Such effects of

secondary crystallization on the overall bulk crystalliza-

tion kinetics have also been observed for numerous

other polymers [23] including polyethylene [24,25],

PEEK [11,12,26] and several other semicrystalline poly-

imides [13,14].

Although, the bulk morphology as revealed by optical

microscopy is spherulitic, the underlying lamellar substruc-

ture responsible for such ®nal spherulitic development is

distinctly discernible by atomic force microscopy. Fig.

6(a) shows the AFM micrograph of a sheaf-like structure

present at initial stages of development of a spherulite.

Considerable branching of the lamellae in regions away

from the center is observed which is ®nally responsible

for a three-dimensional spherulitic structure. Fig. 6(b)

shows the AFM micrograph of a region away from the

center of a fully developed spherulite. Outwardly radiating

lamellae from the center of the spherulite (the center of the

spherulite is towards the bottom-right of the micrograph) are

clearly revealed. It is particularly interesting that the funda-

mental crystalline structure of this polymer is lamellar

although the polymer has a rather large repeat unit size

�Mu � 536 Da�: Also, earlier SAXS studies [3] in our

laboratory have yielded an average Bragg spacing of ca.

163 AÊ for this polymer. Considerable twisting of the lamellae

(`banding') could also be observed in our work, which is visi-

ble in the bottom-left section of the second AFM micrograph.

3.2. Effect of melt residence time (tm) on crystallization

kinetics

For such a high melting semicrystalline polyimide, the

nucleation at any temperature can depend signi®cantly on

the melt processing temperature (Tm) and melt residence

time (tm). Even when the temperature is raised above the

bulk melting point, the crystalline material present in the

crevices and cracks of a heterogeneity may wet that surface

and thus require a temperature above the bulk melting point

for complete disordering [19,27,28]. These sites if not

destroyed can serve as possible heterogeneous nucleation

sites (nucleation due to residual nuclei) on subsequent cool-

ing. The second type of nucleation that may affect the crys-

tallization behavior is the self-seeding nucleation by crystals

surviving the nominal melting point of the polymer [16]. To

completely erase the effect due to this type of nucleation, it

is often necessary to raise the temperature above the equili-

brium melting temperature. The resulting nucleation density

on cooling can thus be signi®cantly dependent on the

previous melt temperature and its position vis-a-vis the

true equilibrium melting point of the polymer. Time in

the melt is another important factor that might in¯uence

the subsequent crystallization. If exposed for very short

amounts of time above the melting temperature, the crystals

often reappear at exactly the same place (memory effect)

[29]. Also, when the melt temperatures are in excess of

4008C, it becomes important to evaluate the effect of
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Fig. 6. (a) AFM height image of a central part of spherulite for a sample

crystallized at 3608C after a melt temperature of 4308C for 20 min. (b) AFM

height image of a outward region of a spherulite for a sample crystallized at

3608C after a melt temperature of 4308C for 20 min. The center of the

spherulite lies toward the upper-right of the micrograph.



possible degradation reactions on the crystallization kinetics.

Chemical changes leading to crosslinking, molecular weight

increase or chain branching may inhibit the ability of the

system to crystallize. The effect of such severe melt conditions

on the crystallization kinetics thus serves as a direct tool in

evaluating the thermal stability of the polymer.

For the above discussed reasons, the Avrami analysis was

utilized to examine the effect of tm and Tm on isothermal

crystallization kinetics. For analyzing the effect of tm, a

typical melt temperature of 4308C (shown to be the opti-

mum processing temperature for attaining the best adhesive

strengths in an earlier work [4]) and a crystallization

temperature of 3558C were selected. For such conditions,

Fig. 7 illustrates the crystallization exotherms obtained after

the tm was varied between 2 and 30 min. It is clear that tm has

a major effect on the crystallization behavior of TPER±

BPDA±PA. Short residence times of only 2 or 5 min result

in a relatively faster crystallization response, while an

increase in the tm to 10 or 20 min leads to a signi®cant

decrease in the crystallization kinetics. For longer residence

V. Ratta et al. / Polymer 41 (2000) 8121±8138 8129

Fig. 7. Crystallization exotherms at 3558C after the various melt residence times at 4308C.

Fig. 8. Variation of the logarithm of transformation rate K and crystallization half time t1/2 at a crystallization temperature of 3558C, as a function of residence

time at 4308C.



time of 30 min, the decrease in crystallization rate is also

accompanied by signi®cant broadening of the crystallization

exotherm. The corresponding Avrami plots (not shown) also

show similar trends. However, the value of the Avrami

exponent did not show much change �n � 2:1±2:4� with

change in tm. The value of K decreased progressively (Fig.

8) with increasing residence times in the melt, while t1/2

showed a corresponding increase indicating again a slower

rate of crystallization. The lower crystallization rate with

increasing tm can be due to the slower spherulitic growth

and/or lower nucleation density. To examine this aspect,

independent optical microscopy measurements were also

conducted at the same crystallization temperature (Fig. 9).

The optical micrographs reveal a signi®cant drop in nuclea-

tion density with increased residence times in the melt at

4308C. For short residence times, the melt has not become

truly homogenous and previous thermal history affects the

subsequent crystallization. It is clear that a number of resi-

dual nuclei survive these short melt exposure times and

serve as nucleation sites on cooling. However, with increas-

ing melt exposure times, the melt becomes more homoge-

nous and reduction in the number of surviving nuclei takes

place, resulting in a lower nucleation density.

Later results presented in this paper show evidence of

chemical changes occurring in the melt (including increases

in the molecular weight through chain extension, branching

and cross-linking) that tend to slow down the crystallization

rate. These changes obviously increase for longer tm.

However, at shorter residence times of 2 and 5 min, where

such degradation processes are minimal, the transformation

rate K still shows a large decrease with only a small increase

in tm. To understand this behavior, the relative change in the

values of G and K1/n were compared at two conditions.

While the value of K1=n is 0.61 min21 after a residence

time of 2 min, it decreases to 0.40 min21 by increasing the

residence time to 5 min. The growth rates, however, are

very similar for these conditions. This difference is thus

clearly due to decreasing No for the higher `5 min' residence

time. For still higher tm, the degradation reactions that set in

result in decreasing the spherulitic growth rates (shown later

in Fig. 15), which then also contribute to slower crystalliza-

tion kinetics. In this regard, K1=n decreases from 0.40 to

0.13 min21 (i.e. by a factor of more than 3), as the tm is

increased from 5 to 20 min. The growth rate G also

decreases by a factor of 2 for these conditions. Thus,

at shorter tm, variations in nucleation density are the

primary factor in¯uencing the crystallization kinetics.

However, at longer tm, the reduced spherulitic growth

rates also contribute in decreasing the transformation

rates.

3.3. Effect of melt temperature (Tm) on crystallization

kinetics

The effect of melt temperature (Tm) on the crystallization

kinetics is similar. Fig. 10(a) shows the crystallization

exotherms at 3558C after cooling from Tm ranging from

410 to 4308C for 20 min. As the Tm is increased, the peak

of the crystallization exotherm at 3558C shifts to longer

times. While no considerable broadening is observed, the

shapes of the crystallization exotherms change with increas-

ing Tm. Interestingly, while the initial crystallization

response markedly slows, the completion times for the over-

all crystallization do not show much change for the above

range of Tm. The corresponding Avrami plot (Fig. 10(b))

shows the effect of increased melt temperatures on the

Avrami constants K and n. K is signi®cantly higher, while

n also decreases by a magnitude of one, for lower Tm of

4108C. In this regard, optical micrographs (Fig. 11) at

3558C, after 20 min at the Tm of 420 and 4408C show a

clear decrease in nucleation density for the higher Tm. The

higher nucleation density will contribute signi®cantly

towards the higher values of the bulk crystallization rate

K. The decrease in the growth rates with increasing Tm

(discussed later in the paper) would also affect the bulk

crystallization rates. Also, an increase in nucleation density

leads to the development of more sheaf-like structures and

thus a lower Avrami exponent.

Although most ¯exible chain polymers provide a suf®-

cient temperature range above the melting point where such

effects due to residual nuclei or self-seeding nucleation are

greatly suppressed, similar results have been obtained for
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Fig. 9. Polarized optical micrographs at 3558C after the indicated melt

residence times at 4308C.



other high melting polymers like PEEK [13,14,22].

Although higher tm and higher Tm may be utilized to

decrease the effect of previous thermal history, such condi-

tions may also result in chemical reactions taking place. The

ensuing discussion addresses this phenomenon.

4. Rheological studies

4.1. Isothermal frequency sweeps at 4308C

Depending on the chemical structure, semicrystalline

semi-rigid chain polyimides, like the one utilized in this

study, do not lend themselves to dissolution in any solvent

and thus GPC analysis to quantify the initial molecular

weight or the changes after the various melt treatments is

not possible. However, melt viscosity determination at

various times and temperature serves as a good qualitative

tool to detect changes in the molecular weight due to chemi-

cal changes at the desired melt temperature. Also, any

changes in viscosity are important from a melt-processing

viewpoint. Fig. 12 shows the isothermal complex viscosity

of TPER±BPDA±PA (15K) at 4308C as a function of

frequency. The melt viscosity displays typical non-Newto-

nian behavior with the viscosity decreasing with increasing

shear rates. At lower shear rates, the viscosity appears to be

leveling off towards a constant value (zero shear viscosity).

Owing to the times needed for data collection at various

frequencies, the complex viscosity (uh pu) at 0.1 Hz repre-

sents the values obtained after 8, 16, 24 and 32 min. It is

very clear that the polymer is undergoing molecular weight

changes at 4308C with the viscosity at the lower frequencies

increasing by an order of magnitude within the time-frame

of the experiment.

It is well known that h 0 often scales with Mw [3,4] for

many linear polymers above the entanglement molecular
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Fig. 10. (a) Crystallization exotherms at 3558C after a 20 min residence time at various melt temperatures. (b) Avrami plot of log�2ln�1 2 Xc�t��� versus log�t�
at 3558C after various melt temperatures and 20 min residence time.



weight. Thus assuming the initial Mw of ca. 30,000 Da (as

determined by GPC analysis of the poly (amic acid)) to be

above the entanglement Mw, this enables us to correlate the

initial zero shear rate viscosity with Mw. In order to obtain a

`qualitative' evaluation of molecular weight changes occur-

ring in the material with time at 4308C, calculation of h 0 is

thus required for the different curves. To estimate these

variations in h 0, the Carreau±Yasuda model was utilized

to ®t the experimental data. This ®ve-parameter empirical

model has proven very useful in the case of numerous poly-

mer melts for providing analytical expressions for the non-

Newtonian viscosity behavior and to estimate the value of

h 0 from the available data which otherwise is often limited

to the experimental window of attainable deformation rates.

The model is given by the equation:

�h 2 h1�=�h0 2 h1� � �1 1 �lg�a��n21�=a �5�

Here l is a characteristic `time constant', n the power-law

exponent and a a dimension-less parameter that describes

the transition breadth from the zero shear-rate region to the

power law region [30]. h 0 and h1 represent the zero-shear

rate and in®nite-shear rate viscosity, respectively. Also, for

higher shear rates (100 rad/s); h1 p h0 and thus h1 can be

set equal to zero without introducing any signi®cant error,

though resulting in a simpler equation for ®tting the data.

While various values of a were tried, good ®ts of the data

were obtained for a � 2: The calculated values of h 0 are

indicated in Fig. 12. While the estimated value of h 0 is ca.

2900 Pa s after 8 min, it increases to ca. 55,000 Pa s after

32 min in the melt at 4308C. Before using these estimates of

h 0 in the h0 / Mw [3,4] relationship, however, it needs to

be realized that this relation holds strictly for linear poly-

mers while some branching reactions are expected to occur
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Fig. 11. Polarized optical micrographs at 3558C after the indicated melt

temperatures and 20 min residence time.

Fig. 12. Non-Newtonian viscosity±frequency pro®le of TPER±BPDA±PA (initial Mn � 15; 000 Da; Mw � 30; 000 Da� at 4308C. The plot also indicates the

data collection times for consecutive scans at the same temperature.



for the present system at high melt temperatures. Thus its

use here only gives a coarse estimate of the molecular

weight changes occurring at harsh melt temperatures. This

leads to the conclusion, that the initial weight-average mole-

cular weight (Mw) of ca. 30,000 reaches ca. 44,000 after

16 min, ca. 57,000 after 24 min and ca. 71,000 after

32 min. These crudely estimated values indicate a more

than two-fold increase in Mw after 32 min at 4308C. It is

thus evident that while a process time of 20 min at 4308C
was suf®cient in our earlier adhesive study, relatively longer

residence times of ca. 32 min at 4308C can lead to signi®-

cant occurrence of chemical reactions resulting in build up

of molecular weight.

4.2. Isothermal time sweeps at various melt temperatures

Fig. 13 shows the magnitude of the isothermal complex

viscosity (uh pu) at temperatures ranging from 410 to 4508C
while keeping the frequency ®xed at 1 rad/s. It is observed

that the initial viscosity of the material is very sensitive to

melt temperature. While the initial viscosity is ca. 2500 Pa s

at 4108C, it decreases to ca. 650 Pa s when measured at

4508C. Firstly, the higher temperatures are expected to

lead to a lower viscosity. Also, based on the previous micro-

scopy experiments, it is known that although a large number

of nuclei survive for 20 min at 4108C, even a short exposure

at 4408C is able to greatly decrease this number. It is conjec-

tured that this destruction of residual nuclei at higher

temperatures, leading to a more homogenous melt, will

contribute to lowering the viscosity. However, it is clear

that chemical (degradation) reactions begin to in¯uence

the data at temperatures of 420 and 4308C since the viscos-

ity begins to rise soon after the melting of the polymer. The

difference in severity of these reactions at 420 and 4308C,

however, is not great, as can be seen by the nearly parallel

slope of viscosity versus time curves for the two tempera-

tures. The small difference in viscosity curves at these

temperatures may be attributed to both the differences in

temperatures and to the difference in the population of resi-

dual nuclei. At 4308C, the viscosity (at 1 rad/s) increases

from ca. 1200 Pa s to above 3000 Pa s within 20 min,

which, as shown earlier, is indicative of branching/cross-

linking (degradation). Interestingly however, earlier DSC

studies [3,4] from our laboratories have shown that the

melting behavior after similar melt treatment remains

unaffected, with no changes in the peak melting point,

heat of melting or broadness of the melting endotherm.

Hence it is clear that although these changes in the magni-

tude of complex viscosity indicate some chemical changes,

the overall crystallizability and melting behavior of the

polymer show little change.

The degradation reactions at 440 and 4508C are signi®-

cantly greater and lead to a faster increase in viscosity than

at 420 and 4308C. Interestingly, for melt temperatures of

420 and 4408C, the ®nal viscosity after a period of 20 min

is nearly the same although the condition or structure of the

melt is very different. While there is signi®cantly less

chemical reactions at 4208C, the lower temperature and

the existing order in the melt are responsible for a higher

viscosity. For a melt temperature of 4408C, however, the

melt has an increased molecular weight due to crosslink-

ing/chain branching while most of the residual order is

completely destroyed. The slope of complex viscosity

versus time can be approximately taken as the measure of

the rate of degradation reactions at various temperatures. It

is clear that the rate of chemical changes, although very

similar at 420 and 4308C, is largely increased when the

melt temperature is increased to 440 and 4508C. In fact,

V. Ratta et al. / Polymer 41 (2000) 8121±8138 8133

Fig. 13. Isothermal complex viscosity (1 rad/s) as a function of residence time in the melt at various melt temperatures.



the viscosity increases by nearly an order of magnitude in

20 min at 4508C. Although the time-frame of 20 min was

selected on the basis of our earlier work, it is noticed that the

state of the melt would be very different for shorter holding

times. For holding times shorter than 3 min at 4508C, a

lower viscosity is achieved due to relatively little branch-

ing/crosslinking and a higher temperature. This lower visc-

osity will affect the melt processing as well as the ®nal

crystallization behavior on cooling.

4.3. Complex viscosity on cooling from various melt

temperatures

For processing operations it is important to know the

variation of melt viscosity with cooling and also the

temperatures at which solidi®cation of the melt due to

the crystallization may occur. The effect of thermal history

on solidi®cation temperatures is thus examined when the

polymer melt was cooled at 108C/min after 20 min at

various melt temperatures (Fig. 14). The onset of crystal-

lization was observed for all samples with the viscosity

increasing sharply at various degrees of supercoolings. A

strong dependence, however, of the prior melt temperature

on the crystallization is observed with the degree of

supercooling necessary for crystallization increasing with

higher melt temperatures. Lower melt temperatures hasten

the onset of crystallization with the onset temperature shift-

ing from 377 to 3568C when the melt temperature was

changed from 410 to 4508C. Crystallization at such low

supercooling, when cooling from 4108C, clearly shows the

strong effect of residual nuclei on crystallization behavior.

Also, the supercooling required for crystallization was ca.

7±88C more for a sample cooled from 4508C in comparison

to a sample cooled from 4408C. This difference cannot be

attributed to the residual nuclei, as there is little difference in

their population at these two temperatures. However, the

higher molecular weight of samples caused by higher melt

temperature leads to slower crystallization. Both the

decreasing population of residual nuclei with increasing

melt temperatures as well as the increased molecular weight

of samples exposed to higher melt temperatures contribute

to the onset temperature of crystallization. However, it

should be clear that there is a frequency dependence in

the above analysis and thus only qualitative trends can be

made. For the same reason these results cannot be quantita-

tively compared with traditional DSC experiments, which

are less sensitive in detecting the onset of crystallization.

4.4. Activation energy (Ea) values on cooling from various

melt temperatures

It was also noted that the viscosity pro®les before

the onset of crystallization were also dependent upon the

previous thermal history. It is well established that, the

viscosity dependence on temperature can generally be

described by the Andrade±Eyring equation [31]:

h � B exp�Ea=RT� �6�
This equation was derived initially for small molecules and

is generally valid at temperatures in excess of 100 K above

Tg for amorphous polymers. Here Ea is the ¯ow activation

energy of viscous ¯ow and is representative of the energy

barrier for successive segmental jumps into unoccupied

sites or `holes'. The value of Ea thus depends on the ease

with which the polymer segments can `jump' into the avail-

able holes [32]. The lower `jump frequency' (higher Ea) can
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Fig. 14. Non-isothermal complex viscosity (1 rad/s) when cooled at 108C/min from various melt temperatures after 20 min residence time. Inserted plot:

corresponding Arrhenius plots for the non-isothermal viscosity pro®les when cooled from the various melt temperatures. The initial regions prior to crystal-

lization were utilized for estimating the activation energy using the Andrade±Eyring equation.



also be viewed as the result of a higher degree of co-oper-

ativity needed to create the required `holes'. The value of Ea

varies between 20 KJ/mol to well over 120 KJ/mol for

various polymers. The inset in Fig. 14 also shows the corre-

sponding Arrhenius plots based on this relationship. The

regions of the curve before the onset of crystallization

were used to estimate the activation energy for different

curves. The activation energy was found to depend strongly

on the initial thermal history. While the value of activation

energy obtained was 82 KJ/mol when cooled from 4108C, it

was only 26 KJ/mol when cooled from a melt temperature

of 4508C. It is well recognized that `local segmental char-

acter' and not the molecular weight determines the value of

activation energy. The value of activation energy, although

dependent upon the chemistry, can also differ with changes

in chain topology. Long-chain branched polymer would be

expected to show a higher value of activation energy than its

linear homologue, the difference being dependent upon the

amount and nature of the branching [33,34]. In this regard,

the increase in molecular weight for a higher melt tempera-

ture would not contribute to the values of activation energy

obtained. However, the branching reactions that occur at

these higher temperatures, would only serve to increase

the rotational restrictions along the chain backbone and

thus should lead to a higher value of activation energy.

However, an opposite trend is observed here. This result

can be explained on the basis of residual nuclei that

become destroyed only at higher Tm. This leads to a more

homogenous melt, and thus a substantially lower value of

activation energy at higher Tm. However, this homogeneity

at higher Tm is accompanied with increased viscosity and

higher molecular weight. It should be mentioned that

evaluation of Ea would show some frequency dependence

if such an analysis is carried out in the shear-thinning

region. In this case, however, results are based on viscosity

at 1 rad/s, the lowest frequency experimentally feasible for

such a study. The values of Ea thus obtained serve more as a

comparison between various experimental conditions rather

than suggesting some truly absolute value for the polymer.

4.5. Growth rates as a function of melt histories and

non-isothermal behavior

It has now been demonstrated that harsher melt condi-

tions lead to slower crystallization kinetics, which is in part

due to the reduction in residual nuclei. Another important

reason for slower crystallization response may be the

decreased spherulitic growth rates due to increased melt

viscosity (enhanced molecular weight) after harsher melt

conditions. To evaluate this effect, thin polymer ®lms sand-

wiched between two glass slides were quenched to 3458C
after 20 min at 420±4608C. Interestingly, a spherulitic

morphology was observed even after 20 min in the melt at

4608C. This perhaps is the highest melt temperature from

which organic polymer spherulites have been observed on

cooling after such a long residence time in the melt.

However, both higher values of Tm and tm, which were

shown to result in increased degradation (branching) reac-

tions, are also associated with signi®cantly reduced growth

rates (Fig. 15). Thus results from independent microscopy

and rheology experiments are in concurrence.

For a tm of 20 min, the growth rates, although similar at

420 and 4308C, show a sharp decrease if the Tm is raised

above 4308C. This indicates that the extent of branching/

cross-linking reactions is largely increased if the melt

temperatures are taken above 4308C. However, growth

rates after 5 min at 420 and 4308C are almost twice as fast

than when tm is 20 min, thereby indicating that some chemi-

cal changes do even occur at 420 and 4308C. A similar

conclusion was also reached after the previous rheological
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Fig. 15. Spherulitic growth rates at 3458C after 20 min at various initial melt temperatures.



study and in our earlier papers [3,4]. These conclusions also

highlight the importance of melt conditions for studies deal-

ing with other high melting polymers. Proper selection of

initial melt conditions is vitally important before any funda-

mental studies are attempted to model the crystallization

behavior. However, for many such polymers including the

one utilized in this study, such ideal conditions may not

exist.

The above spherulitic growth-rate study also has impor-

tant rami®cations with regards to more conventional non-

isothermal crystallization behavior, as seen typically in the

melt processing operations. These results indicate that for a

given cooling rate, as the initial melt temperature is

increased, the crystallization would occur at larger super-

cooling. In fact, for harsher melt conditions, for e.g. 4608C
for 20 min, the growth rates are signi®cantly reduced and

thus it should be possible to quench the polymer to a state

with little or no crystallinity present. However, for such a

sample that was quenched from a melt at 4608C for 20 min,

a signi®cant amount of crystallinity was found to be present

by DSC and a very ®ne grainy morphology was revealed by

optical microscopy. Non-isothermal studies were thus

attempted to interpret this behavior.

4.6. Evidence of catastrophic nucleation

DSC was utilized to observe the non-isothermal crystal-

lization behavior from different initial melt temperatures.

Fig. 16 shows the cooling scans at 108C/min after 10 min

in the melt at temperatures varying from 400 to 4508C. As

the temperature is increased beyond 4008C, the crystalliza-

tion exotherm shifts to higher undercoolings, the degree of

shift increasing with increasing Tm. While the scans from

400 and 4508C give a characteristic single crystallization

peak, the intermediate scans lead to a double peak in the

crystallization exotherm. The sharper (and higher) crystal-

lization exotherm (from 4008C) is believed to result from

the recrystallization of previously unmelted residual crys-

tals. However, it is interesting to note that a second crystal-

lization peak appears for intermediate Tm. This second peak

appears ®rst as a shoulder on the low temperature side of the

exotherm when cooling from 4108C, but becomes a separate

peak as the Tm is increased. It is clear that this double

exothermic behavior is indicative of two separate crystal-

lization phenomena. The occurrence of these crystallization

exotherms, however, is dependent on previous melt history.

Also, earlier studies [4,5] have not indicated any evidence of

polymorphism in this polymer.

Isothermal crystallization experiments were performed at

temperatures in the vicinity of the double exothermic beha-

vior (at 3358C) using a hot-stage POM. It was found that the

initial spherulitic crystallization was followed by a sudden

`catastrophic nucleation' leading to the development of a

®ne grainy background. The details of the superstructure

that developed due to this catastrophic nucleation were

not optically resolvable and caused the initially observable

larger spherulites to become totally enveloped in the subse-

quent overall ®ne pattern. The double exothermic behavior

on non-isothermal crystallization from the melt is easily

explained due to this catastrophic nucleation process.

When cooling from 4208C, the initial exotherm is indicative

of spherulitic development, while the onset of `catastrophic

nucleation' at lower temperatures leads to a second exother-

mic peak. As shown earlier, increasing the melt temperature

to 440 and 4508C leads to a signi®cant reduction in the

nucleation density (Fig. 11) and much decreased spherulitic

growth rates (Fig. 15). Thus, a lesser number of heteroge-

neous sites available for spherulitic development and

reduced spherulitic growth rates decrease the chances of

any spherulitic crystallization at lower supercooling (i.e.
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Fig. 16. DSC cooling scans at 108C/min after 20 min at various melt temperatures.



at Tc . 3408C� during a non-isothermal cooling scan in

a DSC. This is indeed clearly observed in DSC cooling

scans (Fig. 16) as the melt temperatures are increased to

440 and 4508C. While at temperatures lower than

4308C, initial spherulitic crystallization contributes

signi®cantly to the overall crystallization, the second

`catastrophic nucleation' process is mainly responsible

for crystallization from 440 and 4508C. The crystalliza-

tion peak, however, shifts to 324 from 3278C as the

melt temperature is increased from 440 to 4508C, thus

indicating a small dependence of `catastrophic nuclea-

tion' on the initial melt temperature.

To study the crystalline morphology when crystallization

occurs under non-isothermal conditions, a typical experi-

ment was performed from the melt (4308C, 20 min) at a

cooling rate of 208C/min. While spherulitic development

begins early, a subsequent decrease in the temperature in

the vicinity of 3308C leads to a catastrophic increase in

nucleation density as shown in the last micrograph of Fig.

17. As also observed in separate isothermal experiments,

this rapid increase in nucleation density leads to the devel-

opment of a ®ne pattern, which envelops the initially grow-

ing spherulites. However when cooled from higher melt

temperatures (e.g. 4508C), at the same cooling rate, no

spherulites were observed, and only the `catastrophic

nucleation' was responsible for the crystallization. The

initial melt conditions and cooling rate thus are critical in

deciding the ®nal morphology of this polymer.

5. Conclusions

Isothermal crystallization of a new semicrystalline poly-

imide, TPER±BPDA±PA was characterized as a function of

crystallization temperature and thermal history in the melt.

It was found that isothermal crystallization was very sensi-

tive to crystallization temperature thereby limiting the

thermal window of study. The holding time in the melt

also had a strong affect on crystallization behavior. At a

given supercooling, increased holding time in the melt at

4308C substantially broadened the crystallization exotherm.

While the Avrami exponent did not show a signi®cant

change, the value of the Avrami parameter K decreased

considerably with the residence time in the melt. Melt

temperatures also affected the crystallization behavior

substantially with the Avrami analysis showing strong

changes in both the exponent n and the parameter K. A

substantial decrease in the nucleation density with harsher

melt conditions was revealed by optical microscopy and was

primarily responsible for slowing the crystallization kinetics

at 3558C.

Melt viscosity experiments showed the presence of

chemical reactions (branching/cross-linking) at 4308C.

The rate of these reactions however, increased substantially

above 4408C, while it was distinctly slower below 4308C.

Although a higher Tm and a longer tm leads to an enhanced

molecular weight, higher values of each these variables

helps to remove the previous thermal history to a large

extent. Crystallization experiments (by rheometery) showed

that the onset of crystallization shifts to higher undercool-

ings with increasing Tm. The estimated activation energies

decreased strongly with increasing melt temperatures, thus

indicating the prevalence of residual order in the melt till

high Tm.

Isothermal experiments at 3458C showed that growth

rates were also dependent upon the previous Tm, with

large decreases in growth rates observed for Tm above
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Fig. 17. Polarized optical micrographs illustrating the morphological devel-

opment when cooled at 208C/min from the melt at 4308C for 20 min.

Micrographs taken at: (a) 3408C; (b) 3328C; and (c) 3238C.



4308C. The growth rates, though similar at 420 and 4308C,

did show a signi®cant effect of tm, with shorter residence

times leading to higher growth rates due to lesser degrada-

tion. Interestingly, spherulites (with no observable change

in the overall superstructure) were even obtained from melt

temperatures as high as 4608C after residence times as long

as 20 min. Non-isothermal DSC experiments revealed

double peaks in the crystallization exotherms. A `cata-

strophic nucleation' process was found to explain the

presence of the second peak, as revealed by both isothermal

and non-isothermal POM studies. This second crystalliza-

tion process dominated the overall crystallization as the

melt temperatures were raised. The crystalline morphology

resulting from this `catastrophic nucleation' process could

not be resolved by optical microscopy.
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